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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

acre-feet 1,233.489 cubic metres

cubic feet 0.02831685 cubic metres

Fahrenheit degrees 5/9 Celsius degrees or kelvins

feet 0.3048 metres

inches 2.54 centimetres

miles (US statute) 1.609347 kilometres

pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals

square miles 2.589998 square kilometres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use the following formula: C = (5/9)(F - 32) . To obtain Kelvin (K) read-

ings, use: K = (5/9)(F - 32) + 273.15

3
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AIR DEMAND AND CONDUIT PRESSURES, STILLHOUSE HOLLOW DAM,

LAMPASAS RIVER, TEXAS

PART I: INTRODUCTION

The Project

1. Stillhouse Hollow Dam is located at river mile 16.0 on the Lampasas

River about 5 miles* southwest of Belton, TX (Figure 1). The project and

reservoir are located entirely within Bell County. Primary purposes of the

project are flood control and water conservation.

2. The major embankment of the rolled earth-fill dam is 7,850 ft long.

The top of the dam is at el 698.0**, rising 200 ft above the streambed. The

project controls flow from a drainage area of 1,319 square miles. The dam

impounds 1,013,300 acre-ft of water in the reservoir at maximum design pool

(el 693.2).

3. Flow through the structure (Figure 2) is controlled using a

12-ft-diam conduit controlled by two 5-ft 8-in. by 12-ft vertical slide gates.

The invert elevation at the gates is at el 515.0 and at the portal el 512.0.

Maximum outflow at reservoir level el 691.0 is 8,000 cfs. An uncontrolled,

broad-crested weir-type spillway is located south of the dam. The spillway

crest is at el 666.0.

Purposes of Tests

4. Because of the potential high head at the project (approximately

180 ft at maximum pool) it was possible to conduct tests at a flow Reynolds
7

number of 10 . Such information is of value for evaluating air demand during

high water discharges and determining conduit losses at the high Reynolds

numbers. Also, another purpose of the tests was to compare conduit wall

* A table of factors for converting non-SI units of measurements to SI

(metric) units is found on page 3.
** All eleivations (el) and btagzc cited hcrein are in feet referred to the

National Geodetic Vertical Datum (NGVD).
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Figure 2. Stilihouse Hollow Dam
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roughness values determined from plaster cast measurements and values computed

using data from hydraulic measurements.

Scope of Tests

5. Five series of tests (Tests 3 and 4 were duplicates), performed

under different flow conditions, were conducted at Stillhouse Hollow Dam on

30 June and I July 1987. The tests were run with both gates at eqal openings

of 4.1, 5.4, 6.7, and 8.0 ft, respectively. The pool elevation varied only

slightly during the period of the tests (Table 1). The conduit flowed full

during all tests.

6. Water was stored in the Stillhouse Hollow Reservoir during a period

of heavy rainfall in the spring and summer of 1987. The test program was

arranged to coincide with the subsequent period of flow release. Though the

pool elevation did not reach the upper limit, it was determined that the data

that could be obtained would be of considerable value to the US Army Corps of

Engineers for design criteria refinement. In addition, plaster casts of the

conduit walls had previously been taken for determining the wall roughness

coefficient. It was desired to compare these with values computed using data

from hydraulic measurements.

7



PART I: TEST FACILITIES AND PROCEDURES

Test Facilities

7. Table I lists the test conditions and Table 2 lists the instrumenta-

tion for the Stillhouse Hollow Dam test program.

Piezometers

8. Six piezometer pairs were installed in the conduit during construc-

tion. Locations of the pairs are shown in Plate 1. The piezometer manifold

is located in a well near the stilling basin. A 1.5-in. copper line connects

the manifold to the reservoir for backflushing the piezometer lines. The

backflush line and manifold locations are also shown in Plate 1. Figure 3

shows a typical piezometer being backflushed.

Pressure tranducers

9. Pitot tubes were installed in each air vent for measuring air de-

mand. A 0.5-psid differential pressure transducer was used to measure the

difference between the stagnation (total) pressure Pt occurring at the tip

of the pitot tube and the static pressure p on the tube side. A pitot tube

and differential pressure transducer with connecting tubing are shown in

Figure . These points of measurement were designated AVI and AV2 (Plate 1).

.14

Figure 3. Conduit piezometer plate
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a. Pitot tube b. Differential pressure
transducer

Figure 4. Air vent velocity instrumentation

10. A 50-psia pressure transducer was connected to the piezometer mani-

fold for measuring the average pressure of each piezometer pair (designated

PPP). A 50-psia pressure transducer was also used to measure pressure fluctu-

ations downstream of the left control gate (PGR, Plate 1). This transducer

was installed in the cover plate of the manhole location just downstream of

the control gate. The transducer was housed in an adapter that was threaded

into a hole drilled and tapped in the cover plate. The cover plate, trans-

ducer adapter, and electrical cord are shown in Figure 5.

Discharge measurements

i. Discharge measurements were made by the US Geological Survey

(USGS), Water Resources Division, Austin, TX. The measurements were made fr,v-

the upstream side of an 1-35 bridge (Figure 6) located south of Belton, TX,

and approximately 1.5 miles downstream of the project.

Other measurements

12. Other recorded data consisted of reservoir water-surface eleva-

tions, gate openings, air temperature, and water temperature at the intake

level. These data were provided by project personnel and personnel of the US

Army Engineer District, Fort Worth, Fort Worth, TX. Other atmospheric infor-

mation was provided by the National Oceanic and Atmospheric Administration,

from their Waco, TX, airport station.

Recording equipment

13. The recording equipment consisted of (a) model 01 strain gage

9



Figure 5. Cover plate and adapter for transducer (PGR)

Figure 6. USGS discharge measurements
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bridge amplifiers fabricated at the US Army Engineer Waterways Experiment

Station (WES), Vicksburg, MS, to condition the transducer output signal; (b) a

Raycal model Store 14DS, 14-channel, frequency-modulated, magnetic tape re-

corder; and (c) a CEC model 5-134, 7-in. chart oscillograph capable of repro-

ducing 18 channels of data.

Test Procedure

14. The tests were conducted on 30 June and I July 1987. All data were

recorded on magnetic tape. During each individual test, a portion of the

taped data was transferred to the oscillograph to confirm the data were being

recorded and to make a visual check of the results. Voice comments on the

tape and notes on the oscillograms were continuously made for later reference.

15. Procedure was the same for all five tests:

a. Record zero (no flow conditions), recorded at the beginning of
the test program.

b. Record test number, date, etc.

c. Record step calibrations.

d. Raise gates to test opening. Allow flow to stabilize.

e. Record data on magnetic tape and oscillograms.

f. Measure discharge (USGS).

g. Record pool elevation, weather, and hydrological conditions
(Fort Worth District).

1I



PART III: TEST RESULTS AND ANALYSIS

l. All magnetic tape data channels were reduced simultaneously at WES,

providing a direct time-dependent relationship among them. To reduce the

data, a representative l-mmn sample of each data channel was selected from

each recorded 2-mi test. The piezoireter pair average pressures were recorded

sequentially from the upstream to the downstream station during each test run.

The other data station recordings were repeated with each piezometer pressure

recording. The data were then digitally sampled to provide the following

results and analysis.

Conduit Roughness

Plaster cast

17. The symbol k is used to represent the absolute roughness of a

conduit wall. To determine this value at Stillhouse Hollow Dam (SHH), small

2- by 2-in. casts were first made of the wall. The surface of the samples was

then mechanically mapped. From this a regression line (Figure 7) was mathe-

matically determined, along with the standard deviation of the data points

about the regression line s . Twice the value of s was used to represent

the average physical absolute roughness of the wall cast, i.e., k = 2sav e

18. Twelve plaster casts were made at various locations in the SH con-

duit just prior to the test period. Eleven of the casts were evaluated by

recording eight traverses of each with an Ames dial ?age. After k was
ave

computed for each cast, the relative roughness was determined by dividing the

MSTANDA RD DEVIATION
f MEAUREDPOIN / REGRESSION LINE

CAST SURFACE K

STANDARD DEVIATION

2 X STD DEV =AVE DEPTH OF ROUGHNESS

Figure 7. Definition of k

ave
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conduit diameter D by this value: D/k . A compilation of these valuesave

is given in Table 3.

19. The computed average physical relative roughness values were

plotted versus the range of the test series Reynolds numbers and appear as the

shaded area on the Moody diagram of Plate 2, Hydraulic Design Criteria

Chart 224-1 (US Army Corps of Engineers (USACE)). Most of the data fall to

the right of the Rouse rough pipe limit line (i.e., independent of Reynolds

number) of the diagram. Therefore, the Von Karman-Prandtl equation for rough

pipes was used to calculate the roughness coefficient f

__ = 2 log 1 0 T + 1.74 (1)

lg ave

The computed roughness coefficients and their average values are also listed

in Table 3. The combined average value is plotted in Plate 2 at the Reynolds

number computed for Test I (for the reason given in paragraph 22).

Pipe aging

20. Colebrook (19'9) proposed an expression for evaluating the effect

of age upon pipe capacity. The equation reduces to the following, which can

be used to predict changes in wall roughness with time:

k2 = kI + a T (2)

where

k2 = last measured absolute roughness, in.

k I = initial measured absolute roughness, in.

a = rate of roughness growth, in./year

T = time between measurements, years

Limited casts were made by WES personnel in October 1983 (k ). A list of

these earlier k values is also given in Table 3. Using these values andave

Equation 2, a rough estimate of a was calculated to be 0.001 in./year.

Conduit pressure

21. The Darcy-Weisbach equation is preferred for Corps use in computing

energy losses in pressurized flow (Office, Chief of Engineers, US Army (OCE),

1980). The primary reason is because through use of the Moody diagram

(Plate 2), the Reynolds number and the relative roughness properly account for

13



the differing friction losses in both the transitional and fully rough zones.

The Darcy-Weisbach formula is expressed:

h L 

(2

hf = f D 2g_ (3)
D 2g

where
hf = head loss, or drop in piezometric pressure p , ft (p/y + z where

f 3
y is the specific weight of water, lb/ft , and z is the verti-
cal distance from the datum to the conduit center line, ft)

L = conduit length between measurement stations, ft

v = average flow velocity, ft/sec

g = acceleration of gravity, ft/sec
2

Pressures were measured along the conduit at the piezometer stations shown in

Plate I to obtain the conduit piezometric gradient. From this the value of

hf was determined. All other terms were known except v , which was calcu-

lated using the continuity equation:

V (4)
A

where Q is the discharge in cubic feet per second and A is the conduit

area in square feet. Equation 3 was then solved for the roughness coefficient

f for comparison with the values obtained from the casts.

22. Considerable difficulty was experienced with the piezometer pres-

sure system. Difficulty was experienced in recording a stationary pressure.

In some cases, downstream pressures were greater than those upstream. The

entire system was backflushed using the reservoir head, but the problem per-

sisted. There may be some leaks in the system, although none were detected in

the region of exposed tubing. The tubing from the piezometers enters the well

above the manifold and bows upward. Air could be trapped in this inverted

bow. It is recommended that future systems be designed so that piezometer

tubing enters the well below the manifold (see Figure 8). Because of the

problems, only the pressures from Test I were considered for use in the calcu-

lation of f . The head loss during Test I between piezometer pairs 3-4 and

11-12 with L = 400.0 ft (Plate 1) was 4.1 ft. Using these data and

14



FOR PRESENT SYSTEM ADD VALVE
AND BLEED LINE HERE

a BLEED

4.

2 BLEED

a. Existing b. Recommended

Figure 8. Piezometer manifold

Equation 3, f was calculated to be 0.0093. The ratio of this value to f

ave

from the cast calculations is 0.0093/0.0110 = 0.85. Both are plotted for com-

parison in Plate 2 at a Reynolds number of 2.97 x 107.

23. The absolute roughness values shown in Table 3 varied over a rather

wide range, having a standard deviation which was 40 percent of its average

value. Correspondingly, the standard deviation of the roughness coefficients

was only 7 percent of its average. This agrees with Rouse's (1971) statement:

"Appreciable inaccuracies in the evaluation of k will not seriously affect

the value of f .'

15



Air Demand

Point velocity

24. Pitot tube differential pressures were measured at the locations

shown in Plate I (AVI and AV2) for determining the air demand in the 32-in.-OD

air vents. The pitot tubes and differential pressure transducers discussed in

paragraph 9 were used for these measurements.

25. When a pitot tube is installed in a vent without flow, the static

pressure p is exerted equally on all surfaces. With flow, a dynamic pres-

sure pv /2 due to the point velocity v is added at the tube's leading
p p

edge. The total pressure pt at the leading edge, then, is the sum of these

pressures, and the pitot tube is sensitive only to velocity pressure changes

since p occurs equally at all points. Therefore:

2

PO 2 Pt or v = PI 2 (5)

where
2 4

p = mass density, lb-sec /ft

Ap = differential pressure (pt - p ), lb/ft 2

The point velocities were computed using Equation 5. The values, along with

air temperature, mass density, and differential pressure, are given in

Table 4.

Average velocity

26. Each pitot tube was located downstream of a straight length of

vent. The equivalent upstream diameters De were 34.5 for AVI and 42.2 for

AV2. These lengths were assumed to be sufficient to ensure a fully developed

turbulent flow at the pitot tubes. To obtain the average velocity of each

vent va , Prandtl's one-seventh power law (Streeter 1966) was used to convert

the point velocities to these values using the equation:

/98v\SVa = I-f l r-o (6)

a 120/

16



where

y = radial distance from the vent wall to the pitot tube tip
(10.375 in.)

r = vent inside radius (15.50 in.)

These values were computed and are listed in Table 4. They were then multi-

plied by the inner area of the vents to obtain the discharge (air demand) for

each vent. Total air demand is also listed. The plot of individual vent air

demand versus differential head is shown in Figure 9. The average total air

demand versus gate opening is presented in Figure 10.

27. Field tests have shown (US Army Corps of Engineers (USACE)) that

the largest quantities of air are required when the gate is about 5 percent

open and again at some gate opening between 50 and 100 percent. The gate

2,000 -

1,000o 0 1 ,071 H0 5

0

800

C

z 900

700

600

400 I I I I I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

PRESSURE DIFFERENTIAL, FT

Figure 9. Individual vent air demand versus differential head
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Figure 10. Average total air demand versus gate opening

openings tested at SHH were limited due to operational restrictions. At the

openings tested, the maximum measured air demand occurred at openings of

5.4 ft and 6.7 ft as shown in Figure 10. It can be seen from the figure that

the air flow probably peaks at some opening between 5 and 7 ft (or approxi-

mately 40-60 percent gate opening).

Cause of air demand

28. Generally, at high-head projects with large gate openings, a hy-

draulic jump is formed in the conduit. The air inflow from the vent at the

top of the conduit is entrained by the turbulence of the jump and drawn down-

stream (Kalinske and Robertson 1943). Positive pressures were recorded at all

times at all conduit piezometer pairs at SHH. For this reason it is assumed

that a conduit-filling jump occurred during each test somewhere between the

gate and the first piezometer pair. Dimensional analysis by Kalinske and

Robertson (1943) leads to the following functional relationship:

18



-= function (F1) (7)

where

Qa = air demand, ft 3/sec
Qw = water discharge, ft /sec

F 1 = Froude number of the flow just upstream of jump

The air-water ratio was plotted versus F - 1 since no hydraulic jump would
occur when F = I .From their data the functional relationship of Equation 7

was found to be:

Qa 1.4
- 0.0066(F 1 - 1) (8)

The air-water ratios and Froude iiumbers for the SHH data were determined and

plotted in Plate 3, Hydraulic Design Criteria Chart 050-1 (USACE). In accor-

dance with Hydraulic Design Criteria recommendations (USACE) the Froude number

was based on the depth of the water at the gate vena contracta. The regres-

sion line equation of these SHH data is

Qa 1.9
0.0087(F- 1) (9)

Most of the SHH data plot above the Corps-suggested design curve given in

Plate 3. As shown in Table 4, the average velocities, in most cases, were

greater than the Corps' recommended maximum air vent velocity of 150 ft/sec

(OCE 1980). This may account for the higher Qa/Qw ratios of the SHH data.

29. The maximum recommended vent velocity of 150 ft/sec is specified by

the Corps based on concern for high head losses in the vents resulting from

high velocities. This could, in turn, result in subatmospheric pressures in

the water conduit and possible accompanying cavitation damage. However, no

damage was sighted at the time of the test program.

30. An instantaneous change in the pressure at the air vent-water

conduit interface (location of transducer PGR) causes a corresponding, though

time-delayed, velocity change in the air vent (location of AVI and AV2). To

estimate this time delay, a cross-correlation of the PGR and AVI data was

19



made. A plot of the results is shown in Figure 11. The value of the time

delay was calculated to be 0.275 sec.

0

-0 001

-0002

U

z

D-0.003

-0004

RIME DELAY: 0.275 SEC

-0.0051 111111

0 01 0.2 0,3 04 0.5 06 07 08 09 1

TIME, SEC

Figure 11. Cross-correlation of PGR and AVI data
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PART IV: CONCLUSIONS AND RECOMMENDATIONS

31. The following conclusions and recommendations are based on the

analysis of the reduced SHH prototype data:

a. The roughness coefficient f for the sluice is 0.0110 based on
plaster casts made at the time of the test program. This dif-
fered from the value determined by head loss measurements by
about 15 percent.

b. The average rate of absolute roughness k growth from 1983
to 1987 was approximately 0.001 In./year.ave

c. In most tests the air vent velocity and head loss exceeded the
limits suggested in Engineer Manual 1110-2-1602 (OCE 1980).
However, no cavitation damage was detected in the sluice. In-
spections are recommended periodically and following prolonged
discharge periods.

d. The ratios of air discharge through the vents and water dis-
charge through the sluice were higher than the Corps' suggested
values for a given Froude number. This agrees with the obser-
vation that the measured vent velocities are higher than the
value used to compute the suggested Corps limit line shown in
Plate 3.

e. Based on available test data, air flow in the vents probably
reached a maximum at a gate opening somewhere between 5 and
7 ft (40-60 percent).

f. Piezometer manifolds should be designed to minimize the pos-
sibility of trapped air in the system.

g. Data from this report should he added to Hydraulic Design
Criteria Chart 050-1 (USACE) as shown in Plate 3.

21
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Table I

Summary of Test Conditions

Water Average Reynolds
Gate* Discharge Conduit No.**

Test Opening Pool 3 Velocity Date Test Time
No. ft El ft /sec ft/sec 10 1987 Start Stop

1 4.1 638.22 3,312 29.3 2.97 6/30 1151 1221
2 5.4 638.17 4,260 37.7 3.83 6/30 1336 1358
3 6.7 638.00 5,410 47.8 4.86 6/30 1834 1915

4 6.7 637.32 5,410 47.8 4.86 7/01 0q39 1017
5 8.0 637.25 6,250 55.3 5.62 7/01 1110 1155

* Both gates open to same elevation.

** Water temperature 62.4' F.

Table 2

Instrumentation

Instrument Location
Code* Type Range St?- E1 Function

PGR CEC 4-312 50 psia 16+10 527.0 Pressure downstream of gate
PPP CEC 4-312 50 psia 24+85 513.0 Average pressure of each

Diezometer pair
AVI Validyne DP 15-20 0.5 psid 16+05 604.0 Air vent velocity
AV2 Validyne DP 15-22 0.5 psid 16+05 584.0 Air vent velocity

* See Plate 1.



Table 3

Conduit Wall Roughness Data

Date Absolute Relative

of Cast Conduit Peripheral Roughness Roughness Roughnessof as Codut eriheal k ,in. D/k

Cast No. Sta* Location** ave ' ave Coefficient f

6/87 2 19+00 M 0.00711 20,262 0.0105
6/87 3 19+00 L 0.01101 13,076 0.0114
6/87 4 20+00 M 0.00556 25,881 0.0101
6/87 5 23+00 M 0.00794 18,140 0.0107
6/87 7 22+00 M 0.01573 9,153 0.0122

6/87 8 22+00 L 0.00674 21,378 0.0104
6/87 9 24+00 M 0.00898 16,027 0.0110
6/87 22 20+00 L 0.00925 15,567 0.0110
6/87 23 20+00 L 0.01806 7,976 0.0125
6/87 44 21+00 M 0.00936 15,383 0.0110

6/87 88 21+00 L 0.00756 19,044 0.0106

Average 0.00975 16,335 0.0110
Standard deviation 0.00386 5,252 0.0008
Percent of average 40 32 7

10/83 1 19+00 M 0.00479 30,056 0.0098
10/83 2 19+00 L 0.00735 19,596 0.0105

Average 0.00607 24,826 0.0101

NOTE: Roughness coefficient from piezometer pressures: f = 0.0093.
* See Plate 1. pp

** M = conduit midheight, L = conduit lower one-third.
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SUGGESTED DESIGN CURVE [/17.

A=0.03 (F -0.

060 F0

SHH: -
=

00.0087(Fr -

0.20 .

i~

*0 I o '7o

6 0 1

-- KALINSKE a ROBERTSON TESTS

0.04
2 3 4 5 6 7 6 9 10 20 30 40

(F,. -I1)

NOTE rr V/Ir"- (FROUDE NUMBER)
V = WATER VELOCITY AT VENA

CONTRACTA, FT/SEC
z WATER DEPTH AT VENA

CONTRACTA, FT

Qa: AIR DEMAND, CFS DATA DERIVED FROM STILLHOUSE HOLLOW DAM
Qg WATER DISCHARGE, CFS FIELD TESTS, 1987

LEGEND

O- PINE FLAT - H = 370 FT
O-----,O PINE FLAT -H= 304 FT
O----0 PINE FLAT -H = 254 FT
D- DENISON - H = 84 FT
X-,-- 1 ULAM - N = 24 rT

- NORFORK - H = 154 FT
V TYGART -H = 92 FT

H = HEAD, POOL TO CONDUIT CENTER LINE
FIGURES ON GRAPH SHOW GATE
OPENING IN FEET.

AIR DEMAND
REGULATED OUTLET WORKS

HYDRAULIC DESIGN CHART 050-1

PLATE 3


